Abstract. We analyse the behaviour of hyperons with strangeness S = −1,−2,−3 in the hadronic and quark gluon plasma phases, with particular interest in parity doubling and its emergence as the temperature grows. This study uses our FASTSUM anisotropic N f = 2+1 ensembles, with four temperatures below and four above the deconfinement transition temperature, T c . The positive-parity groundstate masses are found to be largely temperature independent below T c , whereas the negative-parity ones decrease considerably as the temperature increases. Close to the transition, the masses are almost degenerate, in line with the expectation from chiral symmetry restoration. This may be of interest for heavy-ion phenomenology. In particular we show an application of this effect to the Hadron Resonance Gas model. A clear signal of parity doubling is found above T c in all hyperon channels, with the strength of the effect depending on the number of s-quarks in the baryons.
Introduction
In nature, at zero temperature there is a large difference in mass (∼ 500 MeV > Λ QCD ) between the negative-and positive-parity baryonic groundstates. It is well known that this large mass gap is due to the spontaneous breaking of chiral symmetry, and not only to the small explicit breaking of chiral symmetry coming from the masses of the light quarks. Chiral symmetry is expected to be restored above the deconfinement temperature, in the quark-gluon plasma phase. The restoration of chiral symmetry would then imply (in the limit of massless quarks) a degeneracy in the negative-and positive-parity baryonic channels, that is parity doubling. While in lattice QCD there are studies of chiral symmetry at finite temperature in the mesonic sector (an overview can be found in [1] ), only a few quenched analyses are available in the baryonic sector [2] [3] [4] [5] . Here we study parity doubling in the baryonic sector using dynamical lattice QCD simulations, in particular for strange baryons (hyperons). We analyse the baryonic correlators in both the octet and decuplet sectors, below and Presented at 35 th International Symposium on Lattice Field Theory, 18-24 June 2017, Granada, Spain Speaker, e-mail: d.de-boni.840671@swansea.ac.uk above the crossover temperature T c . Correlators and spectral functions (comprising also the nucleon and ∆-baryon) can be found in the previous works [1, [6] [7] [8] .
Theoretical aspects of parity doubling
Here we give a short presentation on how parity doubling manifests itself at the level of the baryonic correlators [1] . We exploit charge-conjugation symmetry of the correlator at vanishing chemical potential. We consider two-point functions of baryonic operators, of the form
where α, α are Dirac indices and O = O † γ 4 is a generic baryonic creation operator. Under parity, the baryonic operators transform as elementary quark fields, that is PO(x)P −1 = γ 4 O(Px) , with P = diag (−1, −1, −1, 1) . Hence one may introduce parity projectors and operators via
We refer to O ± as positive-and negative-parity operators. The corresponding positive-and negativeparity correlators are
Under charge conjugation the baryonic operators transform again as quark fields, i.e. O (c) = 
where we used the cyclic property of the trace and isotropy. This means that positive-parity states propagate forward in euclidean time, when using G + , and backward in time when using G − , and vice versa for negative-parity states. If the groundstates masses m ± are the dominant contribution to the correlator, one has
assuming vanishing momentum p = 0. One can show [1, 9] that when chiral symmetry is unbroken, i.e. the quarks are massless and chiral symmetry is not broken spontaneously, the theory is unchanged under chiral rotations on the quark fields. This implies that
hence the positive-and negative-parity correlators are symmetric with respect to reversal about τ = 1/(2T ) , meaning that the parity groundstate partners have the same mass in the confined phase. We used the Symanzik-improved anisotropic gauge action with tree-level mean-field coefficients and a mean-field-improved Wilson-clover fermion action with stout-smeared links, following the Hadron Spectrum Collaboration [13] . More details of the action and parameter values can be found in Refs. [11, 12] . The parameters for the degenerate u and d quarks result in a pion mass of M π = 384(4) MeV [14] , a value larger than the one found in nature. The strange quark has been tuned to its physical value. The CHROMA software package [15] allowed us to generate configurations and correlation functions, using the SSE optimizations when possible [16] . We use a fixed-scale approach, in which the temperature is varied by changing N τ , according to
. Table 1 provides a list of the ensembles (four ensembles in the hadronic phase and four in the quark-gluon plasma). The pseudo-critical temperature has been estimated from an analysis of the renormalized Polyakov loop [11] and is higher than in nature, due to the large pion mass.
Gaussian smearing [17] has been employed on the baryonic correlators to increase the overlap with respect to the groundstate at the lowest temperature. In order to have a positive spectral weight, we apply the smearing on both source and sink, i.e., ψ =
n ψ , where A is a normalisation factor and H is the spatial hopping part of the Dirac operator. The hopping term contains APE smeared links [18] using α = 1.33 with one iteration. We use n = 60 and κ = 4.2, which maximise the length of the plateau for the effective mass of the groundstate at the lowest temperature. Smearing is applied only in the spatial directions, equally to all temperatures and ensembles.
In-medium effects for hyperons
The correlation functions of all hyperons (Σ, Σ * , Λ, Ξ, Ξ * , Ω) of the spin-1/2 baryon octet and spin-3/2 baryon decuplet have been computed for both parity partners. The left panel of Fig.1 displays the correlation function of the Ω baryon, the correlators for the other strange baryons will appear in a subsequent work in preparation. Their qualitative behaviour is similar to the one of the Ω baryon. In order to better compare all data at different temperatures we normalized the correlation function to the first Euclidean time τ = a τ (τ = N τ a τ − a τ ) for the positive-(negative-)parity partner, that is (note that G + contains information on both parity channels according to eq.(4))
It is clear from Fig.1 that the negative-parity channel is much more sensitive to the temperature than the positive-parity one. The negative-parity correlator exhibits a steeper decay than the positive-parity one at low temperature, indicating a heavier mass. However, as temperature is increased, the slope of the negative-parity correlator reduces, signalling that the mass of the negative-parity groundstate is decreasing. On the other hand, the slope of the positive-parity channel is much less affected by temperature, suggesting that the mass of the positive-parity groundstate has very little dependence on the temperature of the medium. The right panel of Fig.1 shows the summed R ratios of all the hyperons plus the nucleon and ∆ baryon, which are defined as
By construction the ratio R lies between 0 and 1. It vanishes when the correlator is symmetric with respect to 1/(2T ) , that is in the case of parity doubling. In absence of parity doubling and with clearly separated groundstates, i.e. m − m + , one has instead R = 1 . The statistical uncertainties are used as weights in the ratio R. The plot shows that around the crossover temperature the parameter R has a significant drop, which is smaller for large strangeness |S |. Note that the value of R at our largest temperature increases with strangeness. This can be understood since the strange quark mass breaks chiral symmmetry explicitly, but its effect is expected to disappear eventually as m s /T → 0 . This means that the emergence of parity doubling due to chiral symmetry restoration in the baryonic sector is indeed valid.
The emergence of parity doubling can be seen also more directly in Fig. 2 , in which the positiveand negative-parity groundstate masses are extracted below T c from the exponential fit of the correlator as in eq.(5). The groundstate masses in the positive-parity channel are approximately independent of the temperature, whereas the groundstates in the negative-parity sector become lighter as the temperature is increased. This is found to be the case for all the baryons in the spin 1/2 octet and spin 3/2 decuplet. This means that in-medium effects are stronger in the negative-parity channel and coincide with the restoration of chiral symmetry. At the crossover temperature the groundstate parity partners become near-degenerate in mass, explaining why the R factor drops around T c .
We also tried to extend the exponential fit above T c , to check whether the groundstate signals remain in the high-temperature phase. Fig. 3 shows that applying the same fitting procedure leads to a drastic increase in the error of the fitting parameters. The most likely interpretation is that the positive-and negative-parity groundstates have dissolved for temperatures higher than T c . In Fig. 3 only the masses of the nucleon and Ω baryon are shown, but the qualitative behaviour of the masses of the other octet and decuplet baryons is analogous. The dashed lines in the plots of Fig.2 correspond to a fit of the temperature dependence of the negative-parity masses between T = 0 and T = T c . We considered a fit function
with the transition function w(T, γ) = tanh (1 − T/T c )/γ / tanh[1/γ] , such that w(0, γ) = 1 and w(T c , γ) = 0 . The smaller the value of γ the narrower the transition region, which is expected to depend on the masses of the light quarks. The fits have been applied to all 8 channels and we found that 0.22 γ 0.35 and 0.85 m − (T c )/m + (0) 1.1 . The major source of uncertainty resides in m − (T c ) , since it implicitly assumes that the groundstate survives at or close to the crossover temperature. Here we show an application of the medium-dependent masses that might be of interest to heavy-ion phenomenology. To do so we apply our in-medium modifications of the negative-parity groundstate masses to the hadron resonance gas (HRG) model. The standard HRG uses vacuum masses, see for instance [19] and references therein. Our strategy is to keep the vacuum values for the positiveparity masses, which is supported by our results, and modify the negative-parity groundstate masses according to eq.(9). In our calculation we used the PDG2016 baryon masses classified with 3 and 4 stars, up to 2.5 GeV. For the in-medium modification we considered γ = 0.3 and 1 < m − (T c )/m + (0) < 1.1 (the effect of varying γ is negligible) and T c = 155 MeV [20] . Fig.4 shows both a fluctuation of conserved charges (in this case baryon number B and strangeness S ), defined as
and the single baryonic contributions to the pressure, according to the value of the strange number. In eq. (10), Z is the partition function, P i is the partial pressure and µ X is the chemical potential associated with the conserved charge X. Note that B = 1 for baryons. The standard and in-medium HRG are contrasted with the lattice data of [19] . From the right panel of Fig.4 one clearly sees that the standard HRG fits the lattice data only for S = 0 , whereas the in-medium HRG overshoots the data. On the other hand, for |S | = 1, 2, 3 the in-medium HRG describes the data much better than the standard one. It would be interesting to see how this in-medium effect due to chiral symmetry restoration would compare with other modifications of the HRG that are currently under consideration [19, 21] , for example, including the thermal width of the baryonic states when calculating thermodynamic quantities within the HRG model. . Right: Contributions to the normalised pressure P/T 4 from the sectors with baryon number |B| = 1 and strangeness |S | = 0, 1, 2, 3 . Lattice data are taken from [22, 23] and private communication (left) and from [19] (right). The curves are obtained from the standard hadron resonance gas (HRG) and the in-medium HRG, using temperaturedependent negative-parity groundstate masses as in eq.(9), with γ = 0.3 , 1 < m − (T c )/m + (0) < 1.1 and T c = 155 MeV.
In this work we considered octet and decuplet hyperons at non-zero temperature and found a clear emergence of parity doubling around the crossover temperature T c due to the restoration of chiral symmetry. This has been studied both at the level of the correlators (R factor) and the groundstate masses. We showed that the positive-and negative-parity groundstate channels become neardegenerate around T c , even in presence of the explicit breaking of chiral symmetry due to the finite mass of the u and d quarks. The effect of the heavier s quark is visible in the emergence of parity doubling. The mass degeneracy originates via an in-medium modification of the negative-parity groundstate masses of all octet and decuplet baryons in the hadronic phase. That is, the groundstate mass of the negative-parity channels diminishes as the temperature increases, whereas the groundstate mass of the positive-parity channels remains unaffected (within the error bars) by temperature variations below T c . This in-medium effect might be relevant to heavy-ion phenomenology, in particular when applied to the hadron resonance gas model. We saw for example that the temperature dependence of the negativeparity groundstate masses reproduces quite well the lattice data regarding fluctuations of conserved charges (χ BS ) and partial pressures of hyperons (i.e. baryons with |S | > 0). However, some additional effects seem to be relevant in the S = 0 sector, where the standard HRG happens to reproduce the data of the thermodynamic quantities below T c already well. These additional effects might be related to the fact that one should take into account also the thermal width of the states and not only their mass. Finally, parity doubling is considered in effective parity doublet models, in which it introduces a chirally invariant contribution to the baryonic masses [24] . Our results can be used to further analyze/constrain these, see e.g. [25] [26] [27] .
